Purpose] The purpose of the present study was to investigate the effect of magnetic infrared laser (MIL) irradiation on formalin-induced chronic inflammation.
INTRODUCTION
Inflammation is an essential protective process alerting organisms to physical, chemical and infective insults. However, the inflammatory response to several insults frequently leads to damage to normal tissues 1) . Physical damage, chemical substances, micro-organisms and other a g e n t s a r e a l l p o s s i b l e c a u s e s o f a c u t e inflammation. The inflammatory responses to such insults consist of changes in blood flow, increased permeability of blood vessels and the subsequent escape of cells from the blood into the tissues. The changes are essentially the same regardless of the cause or its location. Chronic inflammation is an inflammatory response of prolonged duration, weeks, months, or even indefinitely, where the extended time course is provoked by the persistence of the causative stimulus of inflammation in the tissue 2, 3) .
Chronic inflammation induced by formalin injection of the hind paw of mice has generally been used as a classic method to detect the efficacy of anti-inflammatory drugs, because marked chronic inflammation is evoked by aponeurotic formalin injection. The drug effects are assessed by observation of the paw weight and volume, and histopathological changes, mainly of the paw and digit skin 2, [4] [5] [6] [7] . Recently, evidence has been provided of a widespread role of tumor necrosis factor-α (TNF-α) in mediating hyperalgesia at different levels 8) , both facilitating neuronal excitability and triggering the release of other proinflammatory substances 9, 10) . Therefore, TNF-α is treated as one of the key pro-inflammatory cytokines in acute and chronic inflammation models 11, 12) .
Steroids have been a popular choice for treating various inflammatory disorders; however, the potential for significant local and systemic adverse events, like skin atrophy and hypothalamicpituitary-adrenal axis suppression, has limited their u s e 1 3 ) . D e x a m e t h a s o n e i s a w e l l -k n o w n glucocorticoid, and it is the most widely used antiinflammatory control drug in the development of new anti-inflammatory drugs 2, 3, 6) .
Besides the traditional steroidal and non-steroidal anti-inflammatory drugs, many alternative physical techniques such as electric stimulation 14) , short wave 15) , ultrasound 16) and laser 17) have been satisfactorily used in the treatment of inflammatory diseases. Although magnetic infrared laser (MIL) therapy has been used in the treatment of various inflammatory diseases [18] [19] [20] , most of the treatments were clinical approaches and the effects of MIL on pre-clinical inflammatory responses have seldom been studied except for its effect on xylene-induced acute inflammatory responses 21) . Accordingly, in the present study, the effects of the MIL therapy on formalin-induced chronic inflammation were i n v e s t i g a t e d a n d c o m p a r e d w i t h m i c e i nt ra p eri to n ea ll y in je ct ed w ith 15 mg / kg dexamethasone.
SUBJECTS AND METHODS
Forty-eight male ICR mice (6-wks-old upon receipt; SLC, Japan) were used after acclimatization for 7 days. The three or four animals were allocated to polycarbonate cages in a temperature (20-25°C) and humidity (40-45%) controlled room. The lightdark cycle was 12 h:12 h, while food (Samyang, Korea) and water were supplied ad libitum. The animals were fasted overnight before the start of MIL irradiation and before being sacrificed (about 18 h; water not restricted). This study was carried out with prior approval of the Animal Ethical Committee, The University of Daegu Haany University (Gyeongsan, Korea).
A continuous MIL (Model: MOLTA-F-8-01, United Space Device Corporation, Moscow, Russia) with an output power 1, 2 or 5 mW and wavelength of 850 nm was used. The dosages (J/ cm 2 ) are given with respect to spot size. The animals were allocated to six groups with 7 mice per group: vehicle control, formalin-treated control, 1.33, 2.66 and 6.65 J/cm 2 with the MIL irradiated groups, 15 mg/kg dexamethasone-treated groups. MIL was irradiated in contact with the treated side paw surface for 60s, once a day for 10 days, and 15 mg/kg of dexamethasone (Sigma, MO, USA) diss olved in saline w as intraperitoneally administered, once a day for 10 days.
O n e h o u r b e f o r e M I L i r r a d i a t i o n o r dexamethasone injection, a subaponeurotic injection of 0.02 ml of 3.75% formalin (Sigma, MO, USA) was administered to the left hind paw (planta pedis) on the first and third days of the experiment. In the case of the vehicle control, the same volume of saline as that used in the other dosing groups, including the formalin control, was administered in the same region using the same method as described previously 2) .
Daily body weights of all experimental animals used in this study were measured from 1 day before the start of the experimental period to 10 days of treatment with an automatic electronic balance (Precisa Instrument, Switzland). In addition, body w e i g h t c h a n g e s o v e r t h e 1 0 d a y s o f t h e experimental period were calculated as body weight gains (g) = (Body weights at sacrifice -body weights at start of test substances or vehicle treatments).
The thicknesses of the left hind paws were measured using an electronic digital caliper (Mytutoyo, Japan) and recorded once a day for 10 days at 1 h before the first formalin injection, at 1 h before the second formalin injection or 2 h before MIL treatment. The lengths of the long axis (longitudinal; excluding dactyl region) and short axis of the left hind paws were measured using an electronic digital caliper and recorded once a day for 10 days. The paw volume was calculated as described in a previous report 2) : paw volume (mm 3 ) = 1/2(length of long axis × length of short axis × thickness of paw).
At sacrifice, the wet-weight of the left hind paws was measured, and to reduce any errors due to individual body weight differences, the relative weight (%) was calculated using the body weight at sacrifice and absolute weight: Relative paw weight (% of body weight) = (Absolute weight / Body weight at sacrifice) × 100.
After wet-weight measurements of paws, for TNF-α evaluation, skin samples of the left hind paws were homogenized in 3 ml of phosphatebuffered saline (PBS) containing 10 mM EDTA and 20 KIU/ml aprotinin (Sigma, MO, USA). After centrifugation at 10,000 × g, the supernatant was frozen at -70°C for TNF-α assay as described in a previous report 11) . The levels of TNF-α in paw supernatants were measured by means of an enzyme-linked immunosorbent assay (ELISA) kit s p e c i f i c f o r m o u s e T N F -α ( S a n t a C r u z Biotechnology, CA, USA). The anti-TNF capture monoclonal antibody (mAb) (5 Ag/ml) was absorbed on a polystyrene 96-well plate and the TNF-α present in the sample was bound to the antibody-coated wells. The biotinylated anti-TNF detecting mAb (0.25 Ag/ml) was added to bind TNF-α captured by the first antibody. After washing, streptavidin-peroxidase was added to the wells to detect the biotinylated detecting antibody and finally TMB substrate was added. A colored product was formed in proportion to the amount of TNF-α present in the sample, and was measured at an optical density 450 nm. The amount of cytokine in each supernatant was interpolated from the standard curves. The standard curves were recombinant cytokine curves generated by doubling dilutions from 2,500 to 39 pg/ml.
The dorsum pedis (including the subcutaneous regions) skin was separated from the hind paw, and longitudinally trimmed, then were fixed in 10% neutral buffered formalin. In addition, the metatarsal region including the second metatarsal bones was cross-trimmed, and fixed in 10% neutral buffered formalin, then decalcified using decalcifying solution [24.4% formic acid, and 0.5 N sodium hydroxide] for 5 days (mixed decalcifying solution was exchanged once a day for 5 days). After that, the prepared dorsum pedis skin and the metatarsal region were embedded in paraffin, sectioned (3-4 μm) and stained with hematoxylin and eosin (H&E). The histological profiles of the hind paws were compared with those of the vehicle control. To detect more detailed changes, the thicknesses from the epidermis to the hypodermis of the dorsum pedis and dorsum digit skin and the numbers of infiltrating inflammatory cells in the dorsum pedis and dorsum digit skin were measured as described previously 2) with some modifications. The histopathologist was blinded to group distribution when this analysis was made.
All data are expressed as the mean ± standard deviation (SD) of seven mice, and multiple comparison tests for different dose groups were conducted. Variance homogeneity was examined using the Levene test. If the Levene test indicated n o s i g n i f i c a n t d e v i a t i o n s f r o m v a r i a n c e homogeneity, the data were analyzed with one way ANOVA followed by a least-significant differences multi-comparison test to determine which pairs of group comparison were significantly different. In cases of significant deviation from variance homogeneity as indicated by the Levene test, a nonparametric comparison test, the Kruskal-Wallis H test, was conducted. When a significant difference was observed with the Kruskal-Wallis H test, the Mann-Whitney U test was conducted to determine the specific pairs of groups which were significantly different. Statistical analyses were conducted using SPSS for Windows (Release 6.1.3., SPSS Inc., USA).
RESULTS
No meaningful changes in body weight or body weight gain were detected between the formalin control and the vehicle control throughout the 10-day experimental period. However, dexamethasonetreated mice showed significant (p<0.01 or p<0.05) decreases in body weight, which were detected from 5 days after administration as compared with the vehicle or formalin control. Accordingly, the body weight gain at the end of the 10-day experimental period of this group was also significantly (p<0.01) decreased. No meaningful changes in body weight or body weight gain were detected in any of the three MIL treatment groups in a comparison with the vehicle and formalin controls throughout the 10-day experimental period (Table 1) .
A significant (p<0.01) increase of left hind paw thickness was detected in the formalin-injected control compared with that of vehicle control from 1 day after formalin injection. Consequently the increases of paw thickness during the 10-day experimental period were also significant (p<0.01). However, left hind paw thicknesses were significantly (p<0.01) decreased compared with the formalin-injected control from 4 days after the start of dexamethasone treatment, from 6 days after the start of MIL 6.65 J/cm 2 irradiation, and from 7 days after the start of MIL 2.66 and 1.33 J/cm 2 irradiation. The decreases in thickness were also significant (p<0.01 or p<0.05) for dexamethasone and all three different dosages of MIL compared with the formalin-injected control. A clear dosedependent decrease in the paw thickness was found for the MIL irradiated groups ( Table 2) .
A significant (p<0.01) increase of left hind paw volume was detected in the formalin-injected control compared with the vehicle control from 1 day after formalin injection. Consequently, the increases of paw volume during the 10-day experimental period were also significant (p<0.01). However, paw volumes were significantly (p<0.01 or p<0.05) decreased compared with the formalininjected control from 4 days after the start of dexamethasone administration, from 6 days after the start of MIL 6.65 J/cm 2 treatments, and from 7 days after start of 2.66 and 1.33 J/cm 2 irradiation. Values are expressed as Mean ± SD of seven mice, g. Gains = Body weights at sacrifice -body weights at start of treatments. a p<0.01 as compared with vehicle control. b p<0.01 as compared with formalin control. Values are expressed as Mean ± SD of seven mice, mm. Differences = paw thicknesses at sacrifice-paw thicknesses at sacrifice at start of treatment. a p<0.01 as compared with vehicle control. b p<0.01 and c p<0.05 as compared with formalin control.
The decreases of volume were also significant (p<0.01 or p<0.05) for dexamethasone and all three different dosages of MIL as compared with the formalin-injected control. A clear dose-dependent decrease in the paw volume was found for the MIL irradiated mice (Table 3 ). Significant (p<0.01) increases of left hind paw absolute and relative weights were detected in the formalin-injected control compared with the vehicle control. However, the paw weights were s i g n i f i c a n t l y ( p < 0 . 0 1 ) d e c r e a s e d i n t h e dexamethasone-and MIL-treated groups compared with the formalin-injected control. A clear dosedependent decreases in paw weights were found for the MIL treated groups (Table 4) .
A significant (p<0.01) increase of left hind paw TNF-α contents was detected in the formalininjected control compared with the vehicle control.
H o w e v e r , t h e p a w T N F -α c o n t e n t s w e r e significantly (p<0.01 or p<0.05) decreased in the dexamethasone-and MIL-treated groups compared with formalin-injected control. A clear dosedependent decrease in the paw TNF-α contents was found for the MIL irradiated mice (Table 4 ).
Histopathological changes related to chronic inflammation, such as severe fibrosis, the formation of necrotic debris, and infiltration of inflammatory cells, leading to the hypertrophy of subcutaneous regions were observed in both the dorsum pedis and dorsum digit skins of the formalin-injected control. In the dexamethasone-and MIL-treated groups, these histopathological changes were dramatically decreased compared with the formalin-injected control. In addition, a clear dose-dependency treatment effect was also demonstrated for the MILtreated groups (Fig 1 and 2) . Values are expressed as Mean ± SD of seven mice, mm 3 . Paw volume = 1/2(length of long axis × length of short axis × thickness of paw). Differences = paw volumes at sacrifice-paw volumes at sacrifice at start of treatment. a p<0.01 and b p<0.05 as compared with vehicle control. c p<0.01 and d p<0.05 as compared with formalin control. Significant (p<0.01) increases in the thickness and the numbers of infiltrating inflammatory cells in the dorsum pedis and dorsum digit skin were detected in the formalin-injected control compared with the vehicle control. However, these increases of skin thickness and infiltrating inflammatory cells were significantly (p<0.01 or p<0.05) decreased in the dexamethasone-and MIL-treated groups when compared with the formalin-injected control. In addition, a clear dose-dependency treatment effect was also demonstrated for the MIL-irradiated mice ( Table 5) .
DISCUSSION
In the present study, the anti-inflammatory effects of MIL therapy were evaluated using formalininduced chronic inflammation in mice paws, one of the simplest animal models for detecting chronic inflammation 2, [4] [5] [6] [7] , and compared with those of 15 mg/kg dexamethasone intraperitoneally injected. After two subaponeurotic formalin treatments, marked increases in the paw thickness and volume were detected in the formalin-injected control as compared with the vehicle control. In addition, at the time of sacrifice, the paw wet-weights and paw TNF-α contents had also dramatically increased. In histopathological observations, severe chronic inflammation signs such as severe fibrosis, the formation of necrotic debris, and infiltration of inflammatory cells, were detected in the formalininjected control, and marked increases in the thickness of the skin of the dorsum pedis and of the dorsum digit were induced with increases in infiltrating inflammatory cells in the dorsum pedis and dorsum digits skin. However, these formalininduced chronic inflammatory changes were dramatically decreased by treatment with dexamethasone or one of the three dosages of MIL. Therefore, these results are considered as direct evidence that MIL therapy improves the chronic inflammatory response induced by formalin, and correspond well with the clinical indications of MIL in the various inflammatory diseases [18] [19] [20] [21] .
The body weight decreases detected in the dexamethasone-treated group were considered to be due to the direct toxicity of glucocorticoid. Steroids have been a popular choice for treating various cutaneous disorders; however, the potential for significant local and systemic adverse events, like skin atrophy and HPA axis suppression, has limited their use 13) . No meaningful changes in body weight or body weight gains were detected at any dosage of MIL as compared with the formalin control in this study.
After a local injection of formalin, marked increases in the paw thickness, volume, and weight are detected as a general chronic inflammation response, and these increases are used as valuable markers for testing anti-inflammatory effects 5, 22) . In the present study, the increased paw thickness, volume, and weights were markedly inhibited by treatment with MIL at each of the three different dosages. Consequently, these inhibitions were considered to be direct evidence that MIL therapy has a favorable effect on reducing the chronic inflammatory response.
Histopathologically, severe fibrosis, the formation of necrotic debris, infiltration of inflammatory cells (mainly lymphocytes) and hypertrophy of the subcutaneous regions are used as signs of chronic inflammation after a local injection of formalin 23, 24) . Infiltration of inflammatory cells also results in a marked increase in the thickness of the skin (including hypodermis) 2) . However, in the present study, these histopathological changes were markedly and dose-dependently inhibited after treatment with MIL at each of the three different dosages. These inhibitions were considered as direct evidence that MIL has a relatively favorable effect on reducing the chronic inflammatory response. TNF-α, a 17-kDa protein, which was first identified as a product of activated macrophages, is a well-known proinflammatory cytokine 25) and it is involved in various inflammations 11, 26) . Recently, evidence has been provided of the widespread role of TNF-α in mediating hyperalgesia at different levels 8) , both facilitating neuronal excitability and triggering the release of other pro-inflammatory substances 9, 10) . In the present study, MIL treatment dose-dependently inhibited the elevations of TNF-α induced in mouse paws by subaponeurotic injection of formalin. Therefore, we consider that MIL showed favorable anti-inflammatory effects on chronic inflammations mediated by cytokineTNF-α suppression. However, we should not excluded the p o s s i b i l i t y t h a t t h e p r e v i o u s l y r e p o r t e d a n t i o x i d a t i v e e f f e c t 2 7 , 2 8 ) a n d i m m u n e stimulation [29] [30] [31] [32] of MIL therapy may also have been involved in the anti-inflammatory activity observed in the present study, because NO synthase inhibitors can reverse several classic inflammatory symptoms 33) and immunomodulatory agents can reduce inflammation 34) .
Accordingly, based on the current results, we conclude that MIL therapy had a favorable effect, mediated by TNF-α suppression, on reducing the chronic inflammatory response induced in mouse paws by formalin injection. Although the antiinflammatory efficacies were low compared with dexamethasone, MIL therapy may present an alternative approach for the treatment of chronic inflammatory diseases with relatively fewer side effects.
